H I G H L I G H T S
• Mine water in flooded mines might represent a sustainable resource for geothermal use.
• A hydrochemical characterization aid to improve the performance of the installation.
• Fe and hardness are key parameters to prevent clogging and scaling in exchangers.
• Mine water shows meteoric origin, its chemistry varies with depth and residence time. Abandoned and flooded mine networks provide underground reservoirs of mine water that can be used as a renewable geothermal energy source. A complete hydrochemical characterization of mine water is required to optimally design the geothermal installation, understand the hydraulic behavior of the water in the reservoir and prevent undesired effects such as pipe clogging via mineral precipitation. Water pumped from the BarredoFigaredo mining reservoir (Asturias, NW Spain), which is currently exploited for geothermal use, has been studied and compared to water from a separate, nearby mountain mine and a river that receives mine water discharge and partially infiltrates into the mine workings. Although the hydrochemistry was altered during the flooding process, the deep mine waters are currently near neutral, net alkaline, high metal waters of Na-HCO 3 type. Isotopic values suggest that mine waters are closely related to modern meteoric water, and likely correspond to rapid infiltration. Suspended and dissolved solids, and particularly iron content, of mine water results in some scaling and partial clogging of heat exchangers, but water temperature is stable (22°C) and increases with depth, so, considering the available flow (N 100 L s Flooded mine workings host groundwater reservoirs that can be exploited for geothermal energy generation. The thermal resource potential of mine water is widely recognised, and a number of geothermal investigations at former mining sites (particularly coal mines) have either been completed, or are underway (Burnside et al., 2016a, b; Peralta et al., 2015; Preene and Younger, 2014; Hall et al., 2011; Hamm and Bazargan, 2010; Raymond and Therrien, 2007; Watzlaf and Ackman, 2006, among others) .
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o
Underground mine workings can reach hundreds of meters of depth and the network of shafts and galleries within the workings provides an enormous heat exchange interface with exposed, comparatively warm, rock faces (Banks, 2016) . The temperature of post-abandonment flood waters is shielded from seasonal atmospheric temperature variations and so is ca. stable and maintained at advantageously high enough values to be utilised for heating purposes through the use of heat pumps. However, geothermal use of mine water is complex and requires thorough investigation in order to make best use of and effectively manage the thermal resource. A detailed hydrogeological characterization of the mining reservoir is a necessity if one is to fully appreciate subsurface hydrological behavior and determine the long-term suitability of flooded mines as a sustainable thermal resource. This can be particularly difficult in old, long abandoned, flooded mines due to the lack of knowledge about the location and condition of underground mine workings. In many cases, the volume of voids can be estimated and the flooding process can be monitored, allowing for parallel development of hydraulic reservoir models of the reservoir and an intimate understanding of recharge rates and sources (i.e. available water resources) which are essential for optimal geothermal exploitation (Ordóñez et al., 2012; Jardón et al., 2013) . The long-term temperature of the mine water reservoir, particularly under different scenarios of water extraction, use and injection is of key concern and several models have been implemented to predict it (Loredo et al., 2016; Andrés et al., 2015; Uhlík and Baier, 2012; Raymond et al., 2011; Blöcher et al., 2010; Renz et al., 2009) .
The study of physiochemical, major ion and isotope values allows for interpretation of origin and age of infiltrated waters (Ozyurt et al., 2014) and helps to constrain the hydrological behavior of the system (i.e. water inputs from different galleries, connections between shafts, flooding effects, mixing with deep saline waters, etc.). In addition, water quality variations can be related to depth and to effects of the exploitation method (mixing induced by pumping, effect of reinjection, pumping at different depths, etc.). Detailed hydrogeochemical studies of pumped mine waters in the UK (Burnside et al. 2016a, b) and Poland (Janson et al. 2016) have revealed much about the history and subsurface mixing of mine waters, provided vital information for geothermal projects, and have laid the foundations for further mine water geothermal investigations, such as this one.
The chemical composition of mine water (i.e. hardness, iron content, etc.) can limit its application, as certain waters are prone to precipitation on pipes or heat exchangers, leading to scaling or so-called clogging or fouling (Garrido et al., 2016) . The accretion of deposits decreases thermal transfer, increases flow resistance, and ultimately reduce the system's performance. Ideally, water pH should be maintained between 6-8.5, the concentrations of calcium, chlorides, dissolved solids, iron and nitrates should be below 800, 5, 500, 3 and 10 mg·L − 1 , respectively, and levels of dissolved carbon dioxide and oxygen should be kept to a minimum (MTS Systems Corporation, 2005; Butterworth, 2002) . The main objective of this study is to characterize the chemistry and isotopic composition of the mine water used in the Barredo-Figaredo system (Mieres, Asturias, NW Spain) in order to determine features that could affect the short and long-term performance and sustainability of the existing installation and, in addition, identify key parameters to define future monitoring strategies at other mine water projects.
Study area
This study focusses on Barredo-Figaredo mine water reservoir, located in the Asturian Central Coal Basin (CCB; NW Spain), close to the city of Mieres (Fig. 1) . Historically in the CCB, a first phase of "mountain mining" was undertaken from the level of the valleys to the highest outcrop of the coal layers. Once it was depleted, exploitation continued through vertical or inclined shafts to access lower levels (deep or "underground mining"). The Barredo underground mine was active from 1926 to 1993. It has 5 levels and a total depth of 360 m. The extractive activity of the Figaredo mine lasted from the second half of the 19th century to 2007, reaching a maximum depth of 650 m. Both mines are clearly connected through faces and galleries at −135, −29 and +23 m.a.s.l. and they constitute a hydrogeologically isolated system (Fig. 2) ; Figaredo workings are supposed to be interconnected with other neighbouring mines, such as San Jose and Santa Barbara, but these connections were proven to be ineffective during the inundation period (Ordóñez et al., 2012) . When active mining was taking place, an average water volume of 4 million m 3 per year was pumped from this system. In 2008 pumping ceased and about one year later the mining voids were flooded up to a depth of 70 m below the surface at the Barredo site, suggesting addition of up to 5.8 million m 3 of water. Besides recharge from effective rainfall infiltration, the reservoir receives recharge from the Turón River, which loses part of its flow as it crosses the most mined and fractured zones of the Figaredo mine workings (Ordóñez et al., 2012) . The water recharging the reservoir has to be permanently pumped to maintain a safe flood level; a small portion of this pumped water is used but it is mostly discharged to the local watercourse. Upstream, the Turón River receives inflow from the San José and Santa Bárbara mines, which are interconnected (but isolated in the subsurface from Barredo-Figaredo) (Fig. 1) . These mines reached a depth up to 550 m b.g.l, and have flooded since their closure in 1994. Pumping is maintained at San José shaft, with an average flow of 115 L·s −1 , and discharged into Turón River. In addition, around 100 m from the Barredo shaft there is a mountain mine, called Mariana, which was previously connected with Barredo but this connection is currently sealed. All of these mines are maintained by the mining company HUNOSA. The geology of the CCB consists of very thick (up to 6000 m) sedimentary sequences of Westphalian (Mid-Pennsylvanian) age. Quantitatively, marine facies are more important than continental or transitional rocks. Main lithofacies include mudstones, siltstones, sandstones (litharenites), coal seams and minor quantities of limestones and conglomerates. Westphalian rocks are divided, from bottom to top into two major units, known as Lena and Sama Groups. Coal seams are located in the upper part (Westphalian-D in age) of the stratigraphic column (for more detail see García-Loygorri et al. (1971) and Piedad-Sánchez et al. (2004) ). The area of study is constituted by the youngest sub-unit of Lena Group (Caleras mining pack) and the oldest sub-units of the Sama Group (Generalas, San Antonio, María Luisa, Sotón and Entrerregueras mining packs; Fig. 2 ). The whole terrigenous-dominated synorogenic succession was highly deformed during the Hercynian cycle, being affected by kilometric-scale superposed folding (Aller and Gallastegui, 1995) , with a first generation of N-S trending folds superposed by secondary E-W trending folds. These late structures are thought to have been reactivated during the N-S Alpine compression (Alonso et al., 1996) . The stratigraphy is generally of a low permeability, except for some minor, higher permeability terrestrial units. The voids generated by several decades of coal extraction, and fracturing associated with orogenic events, have created the current underground reservoir, with hydrogeological behavior similar to a karst aquifer (Ordóñez et al. 2012) .
Mine water is currently pumped from the Barredo shaft at a depth of 100-200 m below the land surface at a temperature N 20°C. According
